Background. This study was designed to examine the bulk electrical properties of myocardium and their variation with the evolution of infarction after coronary occlusion. These properties may be useful in distinguishing between normal, ischemic, and infarcted tissue on the basis of electrophysiological parameters.
electrophysiological implications.5" ' The reported change in tissue resistance with ischemia has raised the possibility of using it to monitor tissue during coronary artery bypass surgery. [23] [24] [25] No data are currently available on the bulk electrical properties of infarcted or healing myocardial tissue.
This study explores the use of a unique epicardial mapping system to spatially define an ischemic or infarcted area of tissue on the basis of measurement of myocardial impedance. The spatial distribution and frequency dependence of the electrical properties were studied in normal, ischemic, and healing tissue with an in vivo sheep model. This model provides the substrate for both spontaneous and inducible ventricular arrhythmias, and for this reason, the electrical characteristics of the tissue are of particular interest. 26, 27 The similarity of the anatomy of this animal model to the human myocardial infarct affords an opportunity to study the electrical characteristics of tissue potentially similar to that involved in human arrhythmogenesis. 28 Methods
Four-Electrode Method
In this technique, tissue specific impedance is measured with a linear array of four electrodes. Current (I) is passed between the outer two electrodes, and the voltage difference (AV) is measured between the inner electrodes. This arrangement avoids gross artifacts from electrode polarization. 2, 29 The four-electrode technique has been analyzed extensively by Rush et all and, for the case of cardiac tissue, by Plonsey and Barr. 29 For an isotropic resistive medium, whose electrical properties are independent of direction, the tissue resistivity (r) is given by the ratio of AV to I, r=kAV/I where k is a calibration constant for the electrode array.
In practice, two additional factors must be taken into account. First, the bulk electrical properties of cardiac tissue vary markedly in different directions with respect to fiber orientation (see Table 1 ). The ratio of AV to I is then a function of the orientation of the electrode array. The ratio of current to voltage in the array when oriented in different directions is not, however, equal to the resistivity of the tissue in these directions but rather is a function of these resistivities.' Second, the electrical properties of tissue are characterized by both capacitive and resistive elements, both of which vary with frequency.30 Two parameters, the permittivity E and conductivity a, (equal to l/r), are needed to describe the electrical properties of the tissue.
Under such circumstances, for an alternating current of frequency f, the ratio of voltage to current in the electrode array is then proportional to a complex quantity, the specific impedance (Z). This That is, the magnitude of the ratio of the voltage to current is closely proportional to the tissue resistivity but is more accurately called the specific impedance. The term specific impedance will therefore be used throughout this article to refer to the magnitude of the measured quantity AV/I. For further discussion, see the "Appendix."
In this study, the electrode probe was constructed from four 27-gauge (approximate) platinum pin electrodes (Grass Instrument Co., Quincy, Mass.) that had been spaced 3 mm apart and secured with epoxy. A tube of heat-shrink electrical insulation covered all but the final 3 mm of the electrode tip. This tube served both to insulate the electrode and to limit the depth of insertion into the tissue. The probe was calibrated immediately before use with standard solutions (0.036-0.9 wt% NaCl at 37°C) of known resistivity ranging from 48 to 1,032 fl-cm.
Measurement System
The system used to record the complex tissue impedance is shown in Figure 1 . A high-output impedance current source was used to supply approximately 15 
Antiarrhythmic Protocol
All of the acutely infarcted animals received a lidocaine load of 3 mg/kg and procainamide 15 mg/kg i.v. A continuous lidocaine infusion was maintained at a rate of 2 mg/min. The first nine animals that were studied also received three doses of verapamil 1 mg i.v. 5 minutes apart. Since there were no acute arrhythmic deaths with this regimen, the protocol was modified to exclude the verapamil.
Impedance Mapping Technique
The epicardial surface was divided visually into four longitudinal segments referred to as anteroseptal, anterolateral, lateral, and posterior. Each of these segments was further divided into five locations running from the apex to the base. This resulted in a total of 20 epicardial sites to be mapped. In the anteroseptal and anterolateral regions, two measurements were made at each point. In the first, designated "longitudinal," the electrode array was oriented parallel to the long axis of the heart. In the second, designated a "transverse" measurement, the electrode array was rotated 90°, i.e., perpendicular to the long axis. The lateral and posterior regions were mapped only in the longitudinal orientation.
In studies involving the time course of the specific impedance change, five locations were monitored at various time intervals. Sites 1 and 2 were superior to the zone of infarction and served as control regions. Sites 3-5 were within the infarcted region. During the first 30 minutes after infarction, measurements were made every 5 minutes. From 30 to 60 minutes after infarction, measurements were made every 10 minutes. Thereafter, specific impedance was measured at 20-minute intervals up to 240 minutes after infarction.
More detailed mapping was done also at 60 minutes and at 1-, 2-, and 6-week intervals, examining an additional 10 locations on the anterior wall. In these Current Source 15 pA ( maps, locations 1-4 were superior to the infarct zone and locations 5-10 were within the infarcted bed. No individual animal was mapped at more than one chronic interval, i.e., 1, 2, or 6 weeks, because of the trauma that a third thoracotomy would entail.
All animals had impedance measurements recorded at 1,000 Hz. Selected animals also had measurements done at 5 and 15 kHz.
Measurements were obtained by inserting the probe approximately 3 mm into the tissue, penetrating the myocardium up to the limit of the insulation. Care was taken to avoid puncturing epicardial vessels. In experiments involving measurements at multiple frequencies, the probe position was maintained in the tissue and the signal generator set at the frequencies of interest.
Microsphere Studies
Two animals were injected with microspheres before and after coronary occlusion. A commercially available system (E-Z Trac, Los Angeles, Calif.) was used for measurement of regional blood flow with nonradioactive microspheres according to the technique of Hale et al. 31 Blood flow was compared between remote regions and the center of the perfused tissue bed to be occluded.
Hydroxyproline Assay
The collagen content of the healing myocardial aneurysms was determined with an assay for the amino acid hydroxyproline. The technique was a modification of that described by Edwards ft-cm when data from all 20 sample locations were pooled. The tissue impedance before infarction was not significantly different at any of the points mapped (Figure 2) . In the four animals tested, the baseline impedance did not vary significantly with frequency. In Specific Impedance (ohm-cm), baseline, 1 kHz FIGURE 2. Schematic lateral view of the left ventricle showing average specific impedance in ft-cm at 1 kHz of normal hearts at 20 epicardial locations (n=9). Each measurement location was selected on the basis ofanatomic landmarks. No significant differences between points were found. two animals that had complete mappings done before and after lidocaine and procainamide, no effect of the drugs on tissue impedance could be detected.
Comparison of data from nine animals in which impedance measurements were made (at 1 kHz) in transverse and longitudinal directions on the anterior wall of normal hearts showed a small but statistically significant difference between the two orientations (170±33 versus 151±25 ft-cm, respectively, p<0.005).
Data obtained during systole and diastole at 1 kHz in seven normal animals and at higher frequencies in four animals showed no difference in specific impedance between these two phases of the cardiac cycle.
Acute Ischemia
In the series of nine animals mapped at 1 kHz at preinfarction baseline and at 60 minutes after coronary occlusion, significant increases (460±109 versus 154± 20 t-cm, 199% rise, p<0.005) in specific impedance were seen in all regions of the infarct (Figure 3 ). In addition, a gradient of increase was noted in the areas on the border of the infarct; no such gradient was observed in the infarct center. This finding applied to the anterior wall as well as the posterior apical region, which is known to be on the border of the perfused bed of the ligated arteries.
The time course of the rise in specific impedance is shown in Figure 4A . Results of a two-way repeated- .01) by 20 minutes after occlusion. In the four animals followed for up to 4 hours, the specific impedance reached its maximum at about 60 minutes after occlusion and then began to fall by 80 minutes after occlusion. Even after 240 minutes, however, the specific impedance remained elevated at more than twice its baseline value ( Figure 4B ). These four animals were also studied at 5 and 15 kHz and demonstrated a similar time course of the change in specific impedance but with less of a peak at 60-80 minutes ( Figure 4B ). In two animals, phase angle data were obtained as well. To compensate for phase angle shifts induced by the equipment, the data are expressed as the difference between the phase angle measured at a particular time and just before coronary occlusion. Figure 5 shows the change observed in phase angle measured at 1 kHz during the 4-hour observation time. The time course of the phase change was similar to the time course of the specific impedance change. The temperatures of the normal and ischemic myocardia were monitored in two animals for the duration of the experiment. In both cases, by 60 minutes after coronary occlusion, the temperature within the infarcted regions had fallen by less than 20C below that of the control region.
-Week Aneurysm
Eight aneurysms were mapped 1 week after infarction. Maps obtained at 1 kHz revealed significantly lower specific impedance within the infarcted region than in noninfarcted tissue ( Figure 6A ). The infarcted tissue had an average specific impedance that was 59% of the control value (153±58 versus 90±29 fl-cm, p<0.025). At S and 15 kHz, in four animals, the regional differences were similar, i.e., between 35% and 45% ( Table 2 ). The phase angle difference maps revealed a significant increase (p<0.05) in phase angle within the infarct compared with noninfarcted tissue ( Figure 7A ).
2-Week Aneurysm
Four animals were studied 2 weeks after infarction. The average specific impedance at 1 kHz within the infarct bed was 56% of the noninfarcted region (102±49 versus 183±78 ft-cm, p<0.10). In all regions mapped, the specific impedance was lower within the aneurysm. However, the differences between infarcted and noninfarcted tissue specific impedance were not statistically significant because of interanimal variability.
6-Week Aneurysm Specific impedance maps obtained at 1 kHz on the anterior wall of nine 6-week-old infarctions revealed average values within the aneurysmal region (74±22 ft-cm) that were 57% (p<0.005, n=9) of the control values (129±47 ft-cm). Individual sites within the infarct had consistently lower resistivities than sites remote from the infarct but within the same region ( Figure 6B ). In three of these animals also studied at 5 and 15 kHz, similar changes were seen. The phase angle difference maps revealed a significant increase (p<0.05) in phase angle within the infarct compared with noninfarcted tissue ( Figure 7B ). Table 2 shows a summary of the specific impedance data obtained at 60 minutes and at 1-, 2-, and 6-week intervals from coronary occlusion. The present study was designed primarily to investigate the time course of the changes in specific impedance that occur with infarction. Comparisons in Table 2 are therefore made between infarct and control regions at an individual frequency (i.e., ratio of infarct to control, I/C) rather than between frequencies. Data obtained at 5 and 15 kHz were from a subset of animals studied at 1 kHz and are therefore not of sufficient base size to allow between-frequency comparisons.
Summary

Microsphere Blood Flow
Microsphere counts before coronary ligation showed an average myocardial blood flow of 0.90 ml . min-'* g-1 tissue for the two animals studied. Postocclusion flow in the infarcted bed was undetectable, whereas the blood flow in the normal region remained at 0.93 ml * min . g-H ydroxyproline Content Assays were done on two normal hearts and four infarcted hearts after 1 week, three infarcted hearts after 2 weeks, and six infarcted hearts after 6 weeks from coronary occlusion (Figure 8 ). In hearts 1 week after infarction, the hydroxyproline content increased 74% (p<0.1, n=4) within the infarcted zone compared with noninfarcted regions. Significant differences were noted between aneurysmal and noninfarcted regions at 2 (p<0.01, n=3) and 6 weeks after infarction (p<0.005, n=6). In addition, hydroxyproline content at 2 and 6 weeks after infarction was significantly greater than the values at 1 week after occlusion. than fiber dimensions and may tend to average the effects of fiber orientation. The inability to detect a difference in specific impedance between systole and diastole confirms an earlier report. 22 The probe senses myocardial impedance over a depth comparable to the interelectrode distance (3 mm), which should not be influenced by wall thickening.
The rise in specific impedance at 1 kHz with acute ischemia is consistent with previous observations in dogs22-25 and rabbits. '9 We have been unable to find reports of the spatial distribution of such increases. Only two previous studies22'25 commented on the frequency dependence of this effect. Van Oosterom et al, 22 who used the four-electrode technique, stated that the resistivity of normal cardiac tissue is independent of frequency in the range from 10 Hz to 5 kHz but gave no results for ischemic tissue. Gebhard et a125 reported a maximum in resistivity at 200 Hz in measurements performed in ischemic tissue from 200 Hz to 10 MHz. At 10 MHz, the resistivity declined with ischemia. Although the present study was not designed to rigorously determine the optimal frequency for detection of changes in specific impedance, the maximal changes observed were at 1 kHz. The optimal frequency for detection of ischemia may therefore be within the range from 200 to 1,000 Hz.
Phase angle maps of the ischemic ventricle in this study are comparable to those of Gebhard et al,25 who reported a maximal change at 5 kHz, with a threefold rise in the phase angle. In the present study, the time course of the changes in the phase angle appeared to parallel the changes in specific impedance. This change in phase angle is caused largely by the change in tissue resistivity, given the relation between them, i.e., =-2TrfEErr.
The present studies do not establish the reason for the rise in specific impedance with ischemia. However, we suggest (see "Appendix") that the effect probably is caused by changes in the extracellular volume. After ischemia, cells swell and the extracellular space decreases. 34, 35 The time course of this swelling is similar to that observed in the specific impedance changes.25 Since the measured current passes mostly through the extracellular space,30 the tissue specific impedance would be a sensitive measure of such swelling. The changes in specific impedance at longer times (up to 4 hours) are not easily explained by such a mechanism. Myocardial temperature does not appear to play a significant role, given the modest changes observed in it during this study. Other factors, i.e., changes in ion concentrations, lactate formation, pH, membrane transport properties, water shifts, or cell death, may be responsible for the long-term increase in specific impedance that is seen.
In contrast, the specific impedance of infarcted tissue decreases after 1 week relative to noninfarcted tissue, with a corresponding increase in the impedance phase angle. No comparative data for these results could be found in the literature. These changes are consistent with increases in the volume fraction of tissue available to current flow that may result from necrosis and myocyte loss. 
